Synthetic defects are an important tool used for characterizing the performance of nondestructive evaluation techniques. Viscous material-filled synthetic defects were developed for use in vibrothermography (also known as sonic IR) as a tool to improve inspection accuracy and reliability. This paper describes how the heat-generation response of these VMF synthetic defects is similar to the response of real defects. It also shows how VMF defects can be applied to improve inspection accuracy for complex industrial parts and presents a study of their application in an aircraft engine stator vane. ABSTRACT. Synthetic defects are an important tool used for characterizing the performance of nondestructive evaluation techniques. Viscous material-filled synthetic defects were developed for use in vibrothermography (also known as sonic IR) as a tool to improve inspection accuracy and reliability. This paper describes how the heat-generation response of these VMF synthetic defects is similar to the response of real defects. It also shows how VMF defects can be applied to improve inspection accuracy for complex industrial parts and presents a study of their application in an aircraft engine stator vane.
INTRODUCTION
Vibrothermography is a nondestructive evaluation (NDE) technique that uses structural vibrations to detect defects via vibration-induced heat generation that occurs at defects. An infrared (IR) camera is used to observe surface temperature changes of a structure to locate defects within the structure. Since defects tend to heat most when the structure containing the defects is vibrated at resonance [1] , a major issue that must be addressed is the coverage analysis of vibrothermography, especially when one or more specific resonances are excited. It is not possible to create a fine array of identical, natural defects, such as cracks, across a structure that are suitable for coverage analysis. Synthetic defects must be employed for an accurate evaluation of coverage.
Synthetic defects have been developed that are suitable for vibrothermography since they generate heat when vibrated [2] . This paper compares the behavior of synthetic defects to cracks and demonstrates the ability of synthetic defects to map vibrothermographic test coverage over the surface of a real part, in this case, a stator vane from an aircraft engine. It is shown that different excitation frequencies excite different resonances which, in turn, produce variations in defect detection coverage.
THEORY
For a defect to be useful for vibrothermography, it must be able to generate heat when vibrated and should be easily and repeatably manufactured. Typical synthetic defects used for NDE applications, such as electrical discharge machining (EDM) notches and flat-bottom holes are not suitable for vibrothermography since they do not generate a measurable amount of heat when vibrated. Folded, sealed teflon tape pillows [2, 3] have been used as synthetic defects in vibrothermography, but are only appropriate for composite laminates, limiting their widespread use. Viscous material-filled (VMF) defects, however, are applicable for vibrothermography in a wide range of materials since they rely on viscoelasticity to generate heat. They are also easily and repeatably manufactured and have a repeatable heating response as well. VMF defects are created by filling a drilled (or pre-existing) hole with a viscous fluid, typically honey [2] . The sample containing the viscous material-filled hole is then covered with an emissive coating that serves both to increase the radiated heat from the outer surface of the defect and to prevent the viscous material from exiting the hole. A defect created using this method generates significant heat when exposed to vibration.
METHODS
The dimensions of the VMF defects used in the test sample in this study were 1.18 mm in diameter and 5.0 mm in depth. They were manufactured in a titanium (Ti 6-4) test sample in a 21 X 3 array across the sample with dimensions 153.6 mm X 25.2 mm X 7.3 mm. Honey was used as the viscous material of choice. Figure 1 shows a schematic side view of a typical synthetic defect with the top side of the image representing the outer surface of the material that is observed using an IR camera.
The sample bar was mounted using rubber-tipped clamps located at nodal points of vibration on each end of the bar to minimize the influence of the clamps on vibrational modes. We used a tunable piezoelectric stack transducer [4] to excite the sample. Using a tunable piezoelectric transducer allowed us to isolate individual, heat-generating resonances for further study. All vibrational mode shapes and frequencies were confirmed using a scanning laser vibrometer. All infrared data were recorded using an IR camera with a 640 X 512 focal plane array with a pixel noise-equivalent temperature difference of 0.02 degrees Kelvin.
RESULTS
The sample containing the synthetic defects was vibrated at its 5 th order flexural resonance as shown in Figure 2 . Figure 2 shows both a top view (top) and a front view (middle) of the 5 th order flexural resonance of the bar. The bottom image of the figure shows the heat generation in the synthetic defects that results from this flexural mode. Heat generation of the defects, indicated by bright regions, directly correlates to the vibrational antinodes of the mode shape (vibrational profile). Defects located at or near antinodes heated significantly while those located near nodes generated little to no heat.
Using a known mode shape and flexural wave theory, vibrational stresses can be calculated from measures of surface motion [5, 6] . The temperature rise of the VMF defects was recorded as a function of the local vibrational stress at the defects, taken at room temperature. These data are plotted in Figure 3 . Figure 3 also shows a heating curve from a surface fit to data based on the experimental heating data collected by Uhl et al. [7, 8] . These data resulted from the heat generation of over 60 different fatigue cracks in titanium (Ti 6-4) samples with varying crack length, a range of local vibrational stress levels at the cracks, and using different excitation setups. The VMF defects in this study heated to a temperature similar to what would be anticipated for a typical crack of length 6.35 mm (0.250 in) in the previous study. The use of smaller VMF defects would generate less heat due to the smaller volume FIGURE 1. Side view of a typical synthetic defect used for this study. A circular hole is drilled in the titanium sample and filled with honey. The outer surface is covered with an emissive coating to increase the heat emitted from the outer surface and prevent the honey from leaving the hole. of viscous material available to flow and the diffusion of the generated heat into the base structure.
Though the physics of viscoelastic heat generation in synthetic defects [2] is different from friction in cracks [9] , the trends of the temperature rise versus local vibrational stress graphs are surprisingly similar, leading to the conclusion that VMF defects are both useful and appropriate synthetic defects that can be utilized to improve inspection coverage using vibrothermography.
Several factors may influence the heat generation properties of honey. First, since honey is an organic compound, honey from different sources and of different ages will have some variation in chemistry and physical properties. Second, contamination of the honey will alter its purity and can alter heat generation properties. Finally, the temperature can alter the viscosity of the honey which can, in turn, affect the heat-generating properties of the honey and the resulting temperature rise in the synthetic defects. To minimize the change in viscosity with honey temperature, all heating data taken using VMF synthetic defects were taken on the same day with the same setup with identical room temperatures. The defects were allowed to cool for at least one minute in between excitations to ensure that the initial temperature of the honey was the same for each experimental test.
Though these tests may show that VMF synthetic defects are useful for vibrothermography in a laboratory setting, this does not directly translate to a useful synthetic defect for non-laboratory specimens. Industrial parts may have complicated geometries, surface coatings, joints, welds, etc. that significantly complicate the NDE inspection process. For this reason, it is important to test the utility of these defects using industrial parts with complex geometries that would otherwise be difficult to inspect. A stator vane is a common component in aircraft engines and has a particularly complicated geometry that makes inspections of nearly any kind difficult due to its curved geometry and many cooling holes. For this reason, a stator vane was used as a test piece to evaluate the usefulness of VMF defects in a complicated geometry.
The cooling holes on the stator vane were filled with honey. Honey was again used as the viscous material of choice due to its efficiency in heat generation and ease of application and removal without the need for harsh chemicals or cleaning processes. Once the cooling holes were filled with honey, the vane was covered with an emissive coating. Figure 4 shows an infrared image of the stator vane used in the test setup.
The stator vane was then excited at different excitation frequencies and the results are shown in Figure 5 . The first excitation frequency was 20.1 kHz, similar to the typical excitation frequency of most ultrasonic welders commonly used for vibrothermography or sonic IR inspections. Only a few small regions of VMF defects generated heat, meaning that the local vibrational stresses throughout the vane were relatively low. Two stronger resonances were excited in the sample (12.5 and 13.6 kHz) using the piezoelectric transducer, but again only a few regions across the vane generated measurable amounts of heat. For this vane, the most effective single frequency to generate large local vibrational stresses was found to be 14.4 kHz, as shown by the large area that generated heat (became brighter) in Figure 5 . Different stator vanes (different sizes and geometries) will have different resonant frequencies and will require experimental testing using synthetic defects to determine effective vibrational frequencies and stress levels to assess coverage analysis. However, VMF synthetic defects have proven to be a very useful resource in determining effective resonances for heat generation. Certainly, numerous resonances must be excited to avoid the potential for defects located at vibrational nodes of any single resonance to be missed, but VMF defects can be a useful means of determining the best set of resonances to provide the highest level of inspection coverage for complicated parts and geometries.
CONCLUSIONS
Synthetic defects are important in understanding advantages and limitations of NDE techniques. Viscous material-filled (VMF) synthetic defects have been developed to better understand the mechanics of heat generation in vibrothermography. These synthetic defects can be manufactured more easily and repeatably than cracks and can be spaced close together for fine resolution of defects in particular locations across a sample. Since vibrothermography is dependent on excited mode shapes of a structure, an array of VMF synthetic defects can also be a useful tool in determining excited structural resonances and performing coverage analysis.
VMF synthetic defects have a similar heat generation response to applied vibrational stresses as real cracks. VMF defects have been applied to real world parts and found to be very helpful in determining the best vibrational frequencies to use for improved inspections. A study is presented where VMF defects are created across the surface of a stator vane
